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1. Introduction 

Tungsten carbide (WC)-based materials are probably best known as “cutting tools” since these 
materials have been commercially available for a variety of metal cutting and rock drilling 
operations since the early part of the 20th century.   These materials are also used extensively as 
abrasive grits and in wear resistant components.  WC has been considered as a potential vehicle 
armor because it possesses a number of characteristics (high hardness, stiffness, strength, and 
toughness) desired of an armor ceramic while possibly offering the required ballistic 
performance in a thinner armor package (1–3).  Conversely, it is also a preferred material for the 
core component of several armor piercing projectiles because of several of these same 
characteristics (4).   

Most WC products are fabricated by liquid phase sintering of a powder mixture containing WC 
particles and a metallic binder.  Products produced in this manner are typically classified as 
“cermets” or “cemented carbides” due to the fact that the binder is located at WC grain 
boundaries and multigrain junctions effectively “cementing” the WC particles together.  Cobalt 
(Co) and Co-based alloys are the most widely used binders, with WC-based products containing 
up to 30 weight-percent Co readily available as a commercial product (5). 

In order to better understand the impact resistance of advanced ceramics many research efforts 
have used WC spheres (6, 7) and rods (8) as the impacting projectile.  The ability to properly 
model a ballistic impact event requires knowledge of the properties of both the target and the 
projectile material.  This report summarizes the characterization of two WC spheres that have 
been used as projectiles in some impact studies. 

2. Experimental Procedure 

Commercially available, 0.25-in- (6.35-mm)-diameter WC spheres were obtained from New 
Lenox Machine, Co., Inc.* (NL) and Machining Technologies Inc.†

                                                 
* New Lennox Machine Co., Inc., 1200 E. Mazon Ave., Dwight, IL 60420 
† Machining Technologies, Inc., 468 Maple St., Elmore, OH 43416-0287 

 (MT).  The NL supplied 
spheres are machined from WC blanks supplied by an outside manufacturer while MT spheres 
are pressed, sintered, and machined entirely at their facility.   

A sphere from each vendor was cut in half then mounted and polished to a 0.05-μm finish, using 
a colloidal silica solution.  These specimens were used for hardness testing and examination of 
the microstructure.  Microstructural images were obtained from a scanning electron microscope 
(SEM) to determine the grain size following the procedure outlined in ASTM E 112 (9).  Knoop  
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and Vickers hardness values both were determined using a Wilson Instruments Tukon*

3. Results and Discussion 

 
300 microhardness tester according to the procedures in ASTM C 1326-96a (10) and  
ASTM C 1327-96 (11), respectively.  Knoop hardness testing was conducted across a range of 
loads between 0.49 and 98.1 N to determine if the indentation size effect was present in either 
WC.  Vickers testing was done solely at 9.8 N at the edge and centers of the cross-sectioned 
sphere to determine if the hardness was consistent throughout the sphere. 

The elastic and shear modulus as well as the Poisson’s ratio were determined using resonance 
ultrasound spectroscopy (RUS) using a method described elsewhere (12).  Briefly, their 
measurement is a consequence of the combination of the identification of resonant frequencies, 
sphere diameter, material density, and modal analysis via finite element modeling.  The resonant 
frequencies were measured with a commercial resonant ultrasound spectroscope (Quasar 
International, Inc.)† and the modal analysis performed using ANSYS.‡  This method can produce 
an accurate estimate of elastic modulus and Poisson’s ratio that are independently determined 
(i.e., an assumption of one is not needed to estimate the other). 

Twenty-five spheres of each material were machined to C-shaped specimens by Bomas Machine 
Specialties Co.§ for strength testing.  The dimensions of the C-sphere specimens are shown in 
figure 1.  Strength testing was performed on an Instron** model 5500 universal test frame 
following the procedures outlined by Wereszczak et al. (13).  Fractography was performed on the 
fracture surfaces of these specimens using an optical microscope following the details discussed 
in ASTM C 1322 (14).  High resolution/high magnification imaging of the fracture origin and 
surrounding area was also performed on select specimens using a SEM to identify fracture 
origins and fracture mechanisms.   

3.1 Microstructure  

The microstructure of each material is shown in figure 2 (NL) and figure 3 (MT).  The 
microstructure of the NL material is consistent across the diameter of the sphere.  There is 
evidence of some variability in the grain size as the microstructure consists primarily of grains in 
the 2–3-µm size range with large grains (up to 10 µm) distributed throughout.   

                                                 
* Tukon is a registered trademark of Wilson Instruments, a division of Instron Corporation, 825 University Ave., Norwood, 

MA 02062-2643. 
†Quasar International, Inc., Albuquerque, NM 
‡ANSYS, Canonsburg, PA 
§Bomas Machine Specialties Co., 334 Washington St., Somerville, MA 02134 
**Instron Corporation, 825 University Ave., Norwood, MA 02602-2643 
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Figure 1.  Schematic of the C-sphere specimen. 

 

Figure 2.  Microstructure of NL WC.  The bimodal grain size can be see in (a) while (b) clearly shows 
the void space (porosity) between the WC grains. 

The MT material, on the other hand, has a much finer overall grain size but there is a change in 
the microstructure, about 125 μm below the sphere surface.  The depth below the surface where 
this change occurs is uniform around the sphere perimeter.  The change is a noticeable increase 
in the amount and size of the porosity as well as a possible, albeit slight, increase in grain size  
(≈0.3 µm to ≈0.35 µm).  An energy dispersive spectra (EDS) analysis of each area showed no 
change in the W and C content on either side of this boundary nor were there any differences in 
the elemental content. 

 
“C-Sphere”:  0.25” Diameter Sphere With a 0.0125”-Offsetted 0.125”-Wide Slot

0.25” ø

0.0625” R

0.125” ± 0.002”

Side View Front View

0.050 ± 0.002”
Note: The outer surface of the spheres
MUST be protected from scratching
and handling damage throughout
the requested machining

0.0125”

 

  

A B 
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Figure 3.  Microstructure of MT WC.  The top image shows the change in microstructure from the 

surface in to the middle of the sphere.  The bottom pair of images clearly shows the 
difference in the size and amount of porosity in the two areas. 

3.2 Physical and Mechanical Properties 

The physical and mechanical properties of these WC spheres are summarized in table 1 while 
raw data can be found in the appendix.  

3.2.1  Physical Properties 

The density and elastic properties indicate a difference in the binder content of these two WC 
materials.  The density and moduli of the MT WC are all appreciably higher than the NL WC.  
The values for the MT WC are in excellent agreement with a material that is essentially a “pure” 
or “binderless” WC.  Conversely the property values for the NL WC show that a binder, 
probably around 6%, was added to this material.  The addition of a binder, such as Co, typically 
results in lowering the density, elastic properties and hardness while increasing strength and 
toughness. 
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Table 1.  Physical and mechanical property summary. 

 New Lenox Machining Technologies 
Density (g/cm3) 14.80 ± 0.01 15.61 ± 0.02 
Elastic properties 
 Youngs modulus (GPa) 
 Shear modulus (GPa) 
 Bulk modulus (GPa) 
 υ 

 
613.5 ± 1.0 
252.7 ± 0.4 
357.2 ± 0.7 

0.2138 ± 0.0 

 
679.4 ± 2.1 
282.4 ± 1.1 
380.9 ± 0.3 

0.2027 ± 0.0 
Strength (MPa) 
 Average 
 Characteristic 

 
3581 ± 162 (24)a 

3652b 

 
3152 ± 241 (25) 

3262 
Unbiased Weibull modulusc 28.6 14.8 
Vickers hardness (1 kg) (GPa) 
 Sphere center 
 Sphere edge 

 
14.4 ± 0.2 
14.2 ± 0.5 

 
24.5 ± 0.4 
22.9 ± 0.9 

aNumber in parenthesis indicates the number of specimens tested. 
bWeibull characteristic strength associated with the test specimen. 
cDetermined using a 2-parameter maximum likelihood estimation and 95% confidence bounds. 

3.2.2  Hardness 

The Vickers hardness at a 1000 g (9.81 N) load was appreciably different for these two materials.  
The hardness of the MT material was determined near the edge and in the middle of the sphere 
due to the microstructural change that was observed.  The hardness in the middle of the sphere 
was 24.5 ± 0.4 GPa, while at the edge it was slightly lower at 22.9 ± 0.9 GPa.  The NL WC was 
softer but had a consistent hardness across the sphere diameter.  At the edge, the Vickers 
hardness was 14.2 ± 0.5 GPa and in the middle it was 14.4 ± 0.2 GPa. 

Since the NL WC exhibited a consistent microstructure across the sphere diameter additional 
hardness testing was done to develop a hardness/load curve to determine if the indentation size 
effect (ISE) was present.  This phenomenon is exhibited by a material when at very low 
indentation loads the hardness is usually quite high but as the load  decreases the hardness also 
decreases until a load is reached where the hardness becomes essentially load-independent  
(15–18).  Both Vickers and Knoop hardness values were determined between 50 g (0.49 N) and 
10 kg (98.1 N).  The Vickers indentations at 0.49 N were slightly larger than 8 µm in size and 
difficult to measure accurately.  The average hardness was only 13.3 GPa, but with a very high 
standard deviation of 1.4 due to the small size of the indents and the resolution of the objective 
lenses.  At 0.98 N, the hardness jumped to 14.7 GPa and remained essentially at this value as the 
indentation load was increased to 98.1 N indicating that the ISE was not present.  However, the 
Knoop hardness/load profile showed the exact opposite behavior—that the ISE was quite 
evident.   The hardness was 17.0 ± 0.6 GPa at 0.49 N but gradually dropped to ~13.5 GPa at  
9.8 N and remained at this value up to the maximum load of 98.0 N.  Earlier work (18) showed 
the same behavior in two other WC materials, but there is no clear explanation for this difference 
in hardness/load behavior based on indenter geometry. 
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3.2.3  Strength 

The characteristic strength and unbiased Weibull modulus of each WC material was determined 
using a 2-paramenter Weibull analysis with 95% confidence bounds.  The effective area and 
effective volume as a function of Weibull modulus were computed and are shown in figures 4 
and 5.  The effect of the ligament thickness (between 1.15 and 1.30 mm) on the maximum tensile 
stress was also examined, figures 6 and 7.   There was a strong correlation between the finite 
element and linear regression analysis (correlation coefficient of 0.998 in both cases).  This 
coupled with the fact that the average ligament thickness for both materials was well within the 
analyzed range (NL:  1.223 ± 0.032 mm; MT:  1.265 ± 0.115 mm) indicated that there was no 
need to correct the measured strength values.    

 
Figure 4.  Effective area vs. Weibull modulus for the 6.35-mm-diameter 

C-sphere specimen with 1.27-mm ligament thickness. 

The characteristic strength of the NL WC was ~12% higher than the MT WC.  The presence of a 
binder in the NL will account for this difference.  However, the significantly higher Weibull 
modulus (28.6 for NL compared to 14.9 for MT) cannot be attributed to a difference in binder 
content. 

3.2.4  Fractography 

An analysis of the fractured specimens revealed that fracture initiated in all of the c-sphere 
specimens within the general vicinity of the most highly stressed area on the sphere, based on the 
previous analysis conducted (13).  Detailed fractography of the fracture surfaces showed a 
significant difference in flaw types present in each WC.  The strength of the NL WC was limited 
primarily by machining damage that was probably introduced during the sphere fabrication 
process.  This flaw was present at the surface and typically had a semi-elliptical shape.  An 
example can be seen in figure 8.  While machining damage was the primary origin, occasionally 
clusters of large WC grains limited the strength of some spheres, figure 9. 
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Figure 5.  Effective volume vs. Weibull modulus for the 6.35-mm-diameter  
C-sphere specimen with 1.27-mm ligament thickness. 

 

Figure 6.  Maximum tensile stress vs. ligament thickness for the 6.35-mm-diameter MT 
WC C-sphere specimen configuration due to an applied load of 1000 N. 
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Figure 7.  Maximum tensile stress vs. ligament thickness for the 6.35-mm-diameter NL WC  

C-sphere specimen configuration due to an applied load of 1000 N. 

  
Figure 8.  Example of the primary strength-limiting flaw in 

the NL WC sphere.  The white arrows highlight 
length and depth of the machining crack that was 
probably introduced during the sphere fabrication 
process.  C-sphere no. 7; σ = 3543 MPa; origin 
characterization (MD, S, 30 × 110 μm). 
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Figure 9.  Cluster of large WC grains limited the strength of NL  
c-sphere no. 18.  σ = 3429 MPa; origin characterization 
(LG, S, 30 μm). 

The fracture of the MT WC spheres was due exclusively to volume-distributed pores located 
well beneath the C-sphere surface, as shown in figures 10 and 11.  Some of these pores were 
quite obvious and could easily be measured at low magnifications (figure 10), while a higher 
power magnification was needed in some instances to confirm the presence of the pore  
(figure 11).  In the later instance, the appearance of large grains in the area confirm that this must 
have been a pore.  The open space from the pore provided an unconstrained area for grain growth 
to occur during sintering.  The location of these strength-limiting pores is in excellent agreement 
with the previously described analysis of the microstructure which showed that there was an 
increase in the amount and size of the porosity ~125 μm beneath the sphere surface.   

3.2.5  Fracture Toughness  

The small diameter of the WC sphere precluded the direct determination of a KIc value but a 
fracture toughness estimate was determined fractographically.  Six of the fracture MT C-sphere 
specimens had origins that could easily and accurately be measured.  The toughness range for 
this WC was 6.7–11.2 MPa√m, which is in good agreement with the toughness reported for other 
“binderless” WC materials (3).  The toughness range for the NL material was 21.6–29.8 MPa√m.  
This difference is not surprising since the addition of a binder yields a WC material with a 
significantly higher fracture toughness. 
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Figure 10.  SEM images of the fracture origin in MT C-sphere 

no. 8.  Top:  low-magnification image of an 
elliptical pore located ~100 μm below the surface.  
Bottom:  high-magnification image of the pore.   
σ = 3521 MPa; origin characterization (P, V, 5 
× 10 μm). 

4. Summary 

The physical and mechanical properties of two commercially-available WC spheres (NL and 
MT) used in some ballistic impact studies (6, 7) were determined.  The NL WC had a 
significantly higher strength and toughness than the MT WC due to the presence of a binder 
while the MT WC was denser and harder while having higher elastic property values indicating a 
significant difference the amount of binder phase present.  The microstructure of the MT WC 
revealed that there was an increase in the size and amount of porosity ~125 μm beneath the 
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Figure 11.  SEM images of the fracture origin in MT C-sphere no. 19.  

Top:  low-magnification image of a pore located ~200 μm 
below the surface.  Bottom:  high-magnification image of 
the pore.  σ = 2828 MPa; origin characterization (P, V, 
25 μm). 

sphere surface.  This change in microstructure limited the strength of the spheres as subsurface 
pores were the primary fracture origin in this material.  It is important to know the differences 
between these spheres as some of this WC property data may be incorporated into ballistic codes 
that analyze and predict the performance of armor systems.   
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Table A-1.  Density and elastic properties. 

No. Mass 
(g) 

Diameter 
(mm) 

Density 
(g/cm3) 

Young’s 
Modulus 

(GPa) 

Poisson’s 
Ratio 

Shear 
Modulus 

(GPa) 

Bulk 
Modulus 

(GPa) 
New Lenox 

1 1.9820 6.349 14.79 613.1 0.2137 252.6 356.9 
2 1.9829 6.349 14.80 614.6 0.2134 253.3 357.4 
3 1.9825 6.349 14.79 612.9 0.2138 252.5 356.9 
4 1.9820 6.349 14.79 612.9 0.2138 252.5 356.9 
5 1.9818 6.348 14.80 612.9 0.2140 252.4 357.2 
6 1.9823 6.348 14.80 613.0 0.2138 252.5 357.0 
7 1.9827 6.349 14.80 614.3 0.2138 253.0 357.7 
8 1.9822 6.349 14.79 613.1 0.2138 252.6 357.0 
9 1.9825 6.349 14.79 613.3 0.2140 252.6 357.4 
10 1.9825 6.348 14.80 614.5 0.2138 253.1 357.8 
 AVG 6.349 14.80 613.5 0.2138 252.7 357.2 
 STD 0.001 0.008 0.990 0.000 0.393 0.665 

Machining Technologies 
1 2.0959 6.355 15.60 678.8 0.2022 282.3 379.9 
2 2.0959 6.356 15.59 679.8 0.2022 282.7 380.5 
3 2.0984 6.356 15.61 680.0 0.2035 282.5 382.2 
4 2.0997 6.355 15.62 679.5 0.2035 282.3 382.0 
5 2.0982 6.355 15.61 683.2 0.2017 284.3 381.7 
6 2.0996 6.356 15.62 680.0 0.2025 282.7 381.0 
7 2.1008 6.356 15.63 677.6 0.2046 281.3 382.3 
8 2.1006 6.355 15.63 676.6 0.2028 281.3 379.4 
9 2.0977 6.356 15.60 676.7 0.2035 281.1 380.4 
10 2.0988 6.355 15.62 681.7 0.2006 283.9 379.5 
 AVG 6.356 15.61 679.4 0.2027 282.4 380.9 
 STD 0.000 0.015 2.051 0.001 1.120 0.294 
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Table A-2.  Strength of new Lenox. 

New Lenox 
Sample No. Lig. Thick 

(mm) 
OD 

(mm) 
Max. Load 

(N) 
σmax 

(MPa) 
20 1.232 6.351 1053 3159 
5 1.211 6.347 1098 3294 
19 1.217 6.350 1110 3330 
18 1.246 6.350 1143 3429 
1 1.279 6.349 1144 3432 
21 1.209 6.351 1160 3480 
3 1.204 6.336 1179 3537 
7 1.235 6.347 1181 3543 
25 1.234 6.349 1186 3558 
9 1.229 6.347 1190 3570 
13 1.229 6.348 1205 3615 
14 1.259 6.349 1205 3615 
2 1.797 6.348 1207 3621 
16 1.271 6.350 1211 3633 
23 1.212 6.350 1216 3648 
6 1.297 6.347 1221 3663 
4 1.276 6.340 1223 3669 
22 1.284 6.350 1224 3672 
10 1.228 6.348 1231 3693 
17 1.263 6.350 1234 3702 
12 1.190 6.348 1250 3750 
15 1.284 6.347 1250 3750 
8 1.225 6.347 1253 3759 
24 1.295 6.350 1273 3819 
11 1.212 6.348 Broke during preload 

AVG 1.265 6.348 1193.6 3580.9 
STD 0.115 0.003 53.4 160.1 
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Table A-3.  Strength of machining technologies. 

Machining Technologies 
Sample No. Lig. Thick 

(mm) 
OD 

(mm) 
Max. Load 

(N) 
σmax 

(MPa) 
18 1.184 6.348 892.4 2679 
1 1.191 Not measured 931.9 2798 
11 1.182 6.345 933.5 2802 
19 1.219 6.347 941.9 2828 
12 1.234 6.346 956.5 2871 
22 1.268 6.348 965.8 2899 
20 1.189 6.349 997.3 2994 
13 1.201 6.348 1001.0 3005 
10 1.241 6.345 1017.0 3053 
14 1.227 6.347 1042.0 3128 
4 1.247 6.345 1050.0 3152 
2 1.272 6.346 1053.0 3161 
5 1.250 6.346 1062.0 3188 
25 1.231 6.348 1064.0 3194 
17 1.206 6.348 1068.0 3206 
21 1.247 6.348 1095.0 3287 
23 1.197 6.348 1101.0 3305 
7 1.241 6.346 1104.0 3314 
6 1.196 6.345 1109.0 3329 
9 1.223 6.346 1110.0 3332 
24 1.161 6.348 1126.0 3380 
15 1.243 6.346 1136.0 3410 
16 1.216 6.348 1141.0 3425 
8 1.217 6.346 1173.0 3521 
3 1.292 6.345 1177.0 3533 

AVG 1.223 6.347 1049.9 3151.9 
STD 0.032 0.001 80.2 240.6 
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Table A-4.  Vickers hardness of new Lenox and machining 
technologies (middle). 

New Lenox  
 gf N   
Load = 1000 9.81   
     
Indent No. Ave d 

(µm) 
Ave d 
(mm) 

HV HV 
 (GPa) 

1 35.6 0.0356 1463.2 14.3 
2 35.7 0.0357 1455.0 14.3 
3 35.6 0.0356 1463.2 14.3 
4 35.1 0.0351 1505.2 14.8 
5 35.8 0.0358 1446.9 14.2 

AVG 35.6 0.0356 1466.7 14.4 
STD 0.3 0.0003 22.6 0.2 

Machining Technologies 
 gf N   
Load = 1000 9.81   
     
Indent No. Ave d 

(µm) 
Ave d 
(mm) 

HV HV 
(GPa) 

1 27.4 0.0274 2470.0 24.2 
2 26.8 0.0268 2581.9 25.3 
3 27.3 0.0273 2488.2 24.4 
4 27.2 0.0272 2506.5 24.6 
5 27.7 0.0277 2416.8 23.7 
6 27.3 0.0273 2488.2 24.4 
7 27.0 0.0270 2543.8 24.9 
8 27.3 0.0273 2488.2 24.4 
9 27.5 0.0275 2452.1 24.0 
10 27.2 0.0272 2506.5 24.6 

AVG 27.3 0.0273 2494.2 24.5 
STD 0.2 0.0002 45.8 0.4 
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Table A-5.  Vickers hardness of new Lenox and machining 
technologies (edge). 

New Lenox 
 gf N   
Load = 1000 9.81   
     
Indent No. Ave d 

(µm) 
Ave d 
(mm) 

HV HV 
(GPa) 

1 35.7 0.0357 1455.0 14.3 
2 36.9 0.0369 1361.9 13.4 
3 35.6 0.0356 1463.2 14.3 
4 35.5 0.0355 1471.5 14.4 
5 35.4 0.0354 1479.8 14.5 

AVG 35.8 0.0358 1446.3 14.2 
STD 0.6 0.0006 48.1 0.5 

Machining Technologies 
 gf N   
Load = 1000 9.81   
     
Indent No. Ave d 

(µm) 
Ave d 
(mm) 

HV HV 
(GPa) 

1 28.0 0.0280 2365.3 23.2 
2 27.7 0.0277 2416.8 23.7 
3 29.0 0.0290 2205.0 21.6 
4 29.1 0.0291 2189.9 21.5 
5 28.1 0.0281 2348.5 23.0 
6 27.4 0.0274 2470.0 24.2 
7 28.2 0.0282 2331.9 22.9 
8 28.1 0.0281 2348.5 23.0 
9 28.7 0.0287 2251.3 22.1 
10 27.6 0.0276 2434.4 23.9 

AVG 28.2 0.0282 2336.2 22.9 
STD 0.6 0.0006 94.9 0.9 
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